Piliated gonococci were competent in genetic transformation in all stages of growth in minimal and enriched media, but nonpiliated cells were almost totally incompetent. Uptake of deoxyribonucleic acid into a deoxyribonuclease-insensitive state was observed only in competent piliated cells. Competence was not affected by washing of competent cells or treatment of competent cells with proteolytic enzymes. Expression of competence required presence of any of several different monovalent or divalent cations, as well as a utilizable source of energy. Efforts to produce genotypically or phenotypically competent derivatives of nonpiliated cells were unsuccessful. These experiments are consistent with the idea that pili may play a role in the irreversible uptake of transforming deoxyribonucleic acid by the gonococcus, but fail to provide evidence for other types of competence factors.
Competence in genetic transformation in several bacterial species occurs only in certain strains, and often only transiently or during conditions suboptimal for normal growth (25) . In addition, competence has been shown to be markedly enhanced in many instances by the effects of soluble protein "competence factors" (25) . Competence in transformation is thus often an unstable and relatively atypical physiological state.
In contrast, Neisseria gonorrhoeae was reported to be transformable throughout growth, without sudden waves of competence (19) . Virulent colony types Ti and T2 (11) of all tested strains were transformable at relatively high frequencies (10-4 to 10-2) under all tested conditions of growth, but nonvirulent colony types T3 and T4 were transformable only at very low frequencies (transformation frequencies of approximately 10-7) (19) . Subsequently, transformable virulent colony types of the gonococcus have been shown to be piliated, whereas nontransformable, nonvirulent gonococci lack pili (10) . Presence of pili has also been correlated with competence in transformation in Moraxella (5) and in Neisseria meningitidis (6) . Whether pili are necessary for competence in these organisms, and if so, by what mechanism, is unknown.
Recently, it was reported that competence of piliated type 1 gonococci was enhanced significantly by a soluble factor (18) . In addition, the necessity of pili for competence in gonococcal transformation has been questioned by reports of high-frequency transformation ofnonpiliated colony type 4 strains (E. Baron and A. K. Saz, Abstr. Annu. Meet. Am. Soc. Microbiol. 1975, H1l, p. 98). Because of these observations, and because of the paucity of information about the mechanisms of transformation in this organism, we have undertaken systematic study of factors that affect transformation of the gonococcus.
MATERIALS AND METHODS
Strains. Bacterial strains FA19 and F62 were described previously (16, 19) . F62 is a proline auxotroph. FA248 is a double auxotroph, requiring proline and methionine for its growth, which was isolated in this laboratory by mutagenizing F62 with ethyl methane sulfonate (EMS). All strains were stored in Trypticase soy broth (Difco) containing 20% glycerol at -70°C.
Media and growth. Routine cultures were made on Difco GC base agar medium (GCBA-DS) or GC base broth (GCBB-DS) (16) . Each received 1% (vol/ vol) of Kellogg defined supplement I and 0.1% of supplement II (11) immediately before use. Minimal medium Davis (Difco) or GCBB without supplements was used for serial dilutions. Defined growth media (NEDA or NEDF) were as described by Catlin (4) . All other conditions of growth were as described elsewhere (16) . Liquid cultures were grown at 370C in a shaking incubator supplemented with 5% CO2, Double-distilled deionized water was used to make minimal media and all reagents for studies of ionic requirements for transformation.
Transformation. The routine methods of obtaining competent recipient cells from GCBA-DS plates, incubation with deoxyribonucleic acid (DNA) in complex broth medium (GCBB-DS) and selection for drug resistance markers, have been described elsewhere (16) . For transformation in tris(hydroxymethyl)aminomethane (Tris) or phosphate buffer, cells grown on GCBA-DS or NEDA medium were suspended in the appropriate buffer, washed once or twice by centrifugation, and resuspended in the transformation buffer (10 mM Tris-hydrochloride, pH 7.4, or 20 mM potassium phosphate buffer, pH 7.4, each containing 0.25% glucose). Various salts were added to the buffers as described in the text. Transformation in defined liquid NEDF medium (4) was done with cells passed twice on defined NEDA medium (4). NEDF was modified for this purpose by omission of the amino acid(s) used as donor markers. All transformation reaction mixtures were incubated at 37C for 20 min before the reaction was terminated by addition of deoxyribonuclease (DNase) (16) . Numbers of viable colony-forming units (CFU) exposed to DNA and of transformants were determined by plating appropriate dilutions of a single sample of the DNase-treated reaction mixture. All platings were completed within 90 min (usually less) of onset of incubation of the reaction mixture. Selection for nutritional markers was made by spreading aliquots of the transformation mixture onto NEDA lacking the particular amino acid(s) used as the selective marker, followed by incubation at 370C for approximately 44 h. Cells in transformation reaction mixtures containing GCBB-DS were washed once by centrifugation and suspended in an equal volume of medium A before selection for nutritional markers.
Transforming DNA was prepared by the method of Marmur (12) . The concentration of DNA was estimated by the diphenylamine reaction (3). The concentration of DNA used in the transformation reaction mixture was 1 ,zg/ml unless stated otherwise. The pH of complete transformation reaction mixtures was determined with a pH meter (Beckman SS-1) after cells and DNA were added.
Mutagenesis. Eighteen-hour-old cells were scraped from a GCBA-DS plate and suspended in Davis minimal medium A (Difco). A suspension of approximately 108 CFU/ml was incubated with EMS, 1% (vol/vol, final concentration) at 37°C. Samples were withdrawn at 20, 30, and 40 min, and placed in an ice bath. They were washed three times with medium A by centrifugation at 4°C, and finally resuspended in Trypticase soy broth + 20% glycerol. An aliquot from each sample was plated for viable count, and the rest was stored frozen at -700C. Samples exhibiting 99.0 to 99.9% killing by EMS were thawed and plated on NEDA medium. After incubation for 2 days at 36°C, colonies were replicaplated onto NEDA and NEDA lacking various amino acids. Colonies failing to grow on the latter were purified to colony type 1, retested for nutritional requirements, and frozen.
Mutagenesis with N-methyl-N'-nitro-N-nitrosoguanidine (NGN) was utilized in attempts to select competent mutants of nonpiliated T4 cells. Approximately 108 CFU of T4 cells suspended in GCBB-DS were incubated with 5 jug of NGN per ml at 37°C for 20 min, which resulted in 90 to 99% killing. Mutagenized cells were washed twice by centrifugation, resuspended in their original volume of GCBB-DS, and incubated at 37°C for 8 h. Aliquots were then transformed as usual, and any transformants that appeared were isolated, checked for colony type, and carefully retested for competence in transformation. This procedure increased frequencies of mutation to high-level streptomycin resistance to about 5 x 10-6, compared with about 10-9 for control cells.
Electron microscopy of pili. Electron microscopy was done by a modification of Sharp's method (17) . Cells grown 18 h at 37°C on GCB agar plates were suspended in water by adding 1.0 ml of distilled water to the agar surface, followed by gentle agitation of the plate. The suspension was poured into a test tube, and after being allowed to settle briefly, a drop was placed on an agar square and dried. The agar square was then coated with 0.75% colloidin and immersed in water. The film of cells that floated to the surface was picked up with a copper grid, dried, shadow-coated with platinum-carbon, and examined under a microscope (AEI EM6B) with a 20-j.m objective aperture at 6 kV, at a magnification of 10,000 to 30,000.
Preparation of radioactive DNA. Cells were labeled with [3H]adenine or [14C]adenine as previously described (2) . DNA was isolated and purified by Marmur's method (12) , and was dialyzed against SSC (0.15 M NaCl plus 0.015 M sodium citrate) at pHi 7.0. Specific activites were generally about 104 cpm per ,ug of DNA. Radioactivity of DNA, which was digested with ribonuclease during purification (12) , was unchanged by alkaline digestion (2).
DNA uptake. One volume of labeled DNA was added to 9 volumes (0.9 to 4.5 ml) of cells to give a final DNA concentration of 1 ,ug (104 cpm) per ml. Cells were suspended to a density of 5 x 107 to 1 x 108 CFU per ml in GCBB or, in some experiments, in 20 mM potassium phosphate buffer, pH 7.4, or 10 mM Tris-hydrochloride, pH 7.4, as described in the text. Cells and DNA were incubated 20 min at 37°C, after which samples to be used for analysis of total DNA bound were immediately placed in ice. Samples to be assayed for DNase-resistant (DNaser) DNA uptake were incubated for an additional 20 min at 37°C with 50 ,ug of DNase I per ml, after which they were placed in ice. All subsequent steps were performed at 0 to 4°C unless stated otherwise. Aliquots were taken, as appropriate, for determination of transformants and viable count. The remainder was centrifuged (10 min, 15,000 x g), suspended in 5 ml of transforming medium, or in 5 ml of SSC, washed twice by centrifugation, and suspended in SSC. Resuspension was either vigorous (blending in a Vortex Genie, Scientific Industries, speed setting 5, for 15 s) or mild (gentle tapping of tube at intervals over 10 min). The pellet obtained from the final centrifugation was resuspended in 1 ml of SSC, immediately collected by filtration on a membrane filter (Schleicher and Schuell B6), rinsed with cold SSC, dried, and counted in a toluene-based scintillant. All values were corrected for radioactivity bound under similar conditions, using DNA digested with DNase I before addition to the cells.
Transformation of lysozyme-EDTA-treated cells. to 4 x 106 CFU/ml in 10 mM Tris-hydrochloride, pH 7.4, containing 5 mM EDTA, and incubated 20 min at 37°C. To this was added an equal volume of double-strength GCBB and CaCl2 to a final concentration of 10 mM. Transformation was then carried out as usual.
Chemicals. EMS and trypsin inhibitor were from Sigma. NGN was from Aldrich Chemicals. Lysozyme was from Schwarz Bioresearch. Pronase and trypsin were from Calbiochem. DNase I was from Worthington.
[14C]adenine and [3H]adenine were from New England Nuclear Corp. All other chemicals were reagent grade from commercial sources. Antibiotics were from sources described previously (16) .
RESULTS
Relationship of growth phase to competence. It was previously reported that gonococci were maximally competent during log and early-logarithmic phases of growth in complex broth, but were transformable throughout all growth phases, as long as they remained in their piliated phase (19) . If competence of piliated gonococci depends at least in part upon production of a soluble competence factor, as has been reported (18), one might expect peaks ofcompetence during growth in liquid media.
Accordingly, we reinvestigated competence in liquid medium. Strain FA248, which is a met-i pro-i auxotroph, was grown in defined liquid (NEDF) medium and, at hourly intervals, aliquots were removed and assayed for total viable count and numbers of Pro+ transformants ( Fig. 1) . Results showed no evidence for sudden waves of increased or decreased transformability, suggesting that competence was essentially uniform during all phases of growth.
The levels of competence of growing cells were estimated more precisely by analyzing frequencies of single and double transformation for the unlinked markers met-i and pro-i, using the Goodgal and Herriott formula (7). (In experiments not shown, it was established by DNA dilution curves that met-i and pro-i were not linked.) Cells of FA248 were grown from log to stationary phase in both defined NEDF medium and in peptone broth (GCBB) medium. At hourly intervals, samples were removed and assayed for viable count, and for numbers of single and double transformants. Results showed that cells were somewhat more competent when grown and transformned in GCBB than when grown and transfonned in defined NEDF medium, but levels of competence were essentially identical at all stages of growth in either medium (Table 1) .
In other experiments, viable counts were compared to direct Petroff chamber counts. Most cells from both NEDF and GCBB medium were found to be in units of two (diplococci); up to 20% of cells were in units of four or more. Thus, estimates of the percentage of cells that were competent may be fallaciously high, by a factor of at least twofold.
Lack of soluble competence factor. The evidence for unchanging competence throughout growth suggests that soluble competence factors similar to those found in the pneumococcus (24) and streptococcus (13) are not present in the gonococcal transformation system. More direct evidence was sought by two means.
In one set of experiments, competent piliated (25) . Simultaneous addition of 10 ,ug of chloramphenicol per ml and transforming DNA to'competent colony type Ti cells of FA19 or F62 in GCBB medium had no effect on transformation frequencies (results not shown). However, addition of 10 ug ofchloramphenicol per ml to a culture ofthe same cells during growth in GCBB, before addition of transforming DNA, did result in an approximate 10-fold reduction in transformation effi- Ti cells obtained from a mid-logarithmic-phase culture in GCBB-DS were washed twice and resuspended in either fresh GCBB, or in the supernatant from the original broth culture ("mother liquor").
ciency over a period of 60 min (Fig. 2) . When chloramphenicol-treated cells were washed and allowed to resume normal growth, transformation efficiencies gradually increased again, and were essentially normal after 30 min of incubation (Fig. 2) . Thus, concentrations of chloramphenicol that had minimal effect on viability had a much greater effect on phenotypic development of competence, presumably due to interruption of synthesis of one or more proteins essential to the transformation process. Examination of chloramphenicol-treated cells by electron microscopy showed normal numbers and appearance of pili.
Ionic requirements for transformation. To better understand the transformation process, and in hopes of being able to reduce variables affecting transformation efficiencies, we studied the ionic requirements for transformation. 4) were suspended in the indicated incubation medium, to which was added either no trypsin, 1 mg of trypsin per ml, which had been pretreated with 1.0 mg of trypsin inhibitor (TI) per ml, or 1 mg of trypsin per ml. The mixture was incubated at 37°C for 30 min, after which Str' DNA (1 ,ug/ml) was added. After 15 min at 370C, 50 lAg of DNase per ml was added, and incubation was continued for an additional 5 min at 37°C. A sample was then spread on an agar square, dried, and prepared for electron microscope examination for pili as described in Materials and Methods. Trypsin inhibitor (1.0 mg/ml) was added, and cells were plated for viable count and Strr transformants.
b ND, Not done. c +, Pili present by electron microscopy. On the other hand, rates of cell death were accelerated by the monovalent cations, with over 90% reduction in viable count after 90-min incubation at 370C in 10 mM Tris + 0.25% glucose + 100 mM NaCl or 20 mM KCI. Cell death was less marked in similar solutions containing 2 to 5 mM MgCl2. Because of these factors, all platings for determination of viable count were done after incubations were completed, and at the same time as platings for selection of transformants.
Effect of pH. Transformation in Tris-hydrochloride over a pH range from 5.8 to 9.0 revealed a pH optimum of about 7.5, with sharply reduced transformation efficiencies below pH 7.0 and above pH 8.0 (Fig. 5) .
Uptake of DNA. Binding and uptake of [3H]DNA or [14C]DNA were studied in competent piliated colony type Ti and noncompetent nonpiliated colony type T4 cells of FA19 and F62, under various conditions. Results when cells were suspended in GCBB are shown in Fig. 6 . Total DNA bound was nearly identical in both Ti and T4 cells, and showed linear increases over a wide range of DNA concentrations. Approximately 50% of added DNA was bound under these conditions. Results were unaffected by temperature (4 to 37°0) or by the degree of agitation of cells during the washing procedures. In contrast, only about 0.5% of added DNA was taken up into a DNase-resistant state, and this was observed only in competent colony type Ti cells. No DNase-resistant uptake was seen with colony type T4 cells. DNase-resistant uptake and transformation efficiency followed essentially parallel curves, with saturation at about 0.5 ,ug of DNA per ml.
Results were variable when cells were suspended in either Tris buffer or in phosphate buffer, each containing 0.25% glucose and any of several combinations of cations, or in defined NEDF medium. Most markedly affected was total (DNase-sensitive) binding of DNA, which was only slightly greater under these conditions than DNase-resistant uptake (Table 4) . (18) . They noted, however, that clumping was increased when cells were suspended in culture supernatants, and this could easily account for two-or threefold increases in transformation frequencies. Experiments similar to those of Siddiqui and Goldberg (18) , utilizing the same strain (F62), showed no more than twofold variations in transformation frequency resulting from washing of piliated cells (Table 2 ); these differences are probably too small to warrant serious consideration of specific gonococcal competence factors. Moreover, competence was not reduced by extensive treatment with proteolytic enzymes (Table 3) , which makes it unlikely that gonococci produce competence factors of the type described in pneumococcus (24) and streptococcus (13) .
In contrast to the relatively uniform competence of piliated gonococci, there was only very low-level competence in nonpiliated cells. Attempts to select stable competent mutants from nonpiliated cells were unsuccessful. It was possible to increase phenotypic competence 10-to 30-fold in nonpiliated cells by use of regimens that disrupt cell envelope integrity (23) ( (Fig. 6 ). Total DNA uptake continued to increase linearly above the saturation point for transformants on the DNA dose-response curve, and both competent and noncompetent cells showed equal total DNA uptake (Fig. 6 ). In addition, total DNA uptake by competent cells varied enormously, depending on the medium used for transformation, even though DNase-resistant uptake and transformation frequencies were very similar in all media (Table 4) . Thus, although uptake of DNA into a DNase-sensitive state is undoubtedly the requisite first step in the transfornation process (25) , most DNase-sensitive uptake appears to be quite nonspecific. Uptake of DNA into a DNase-resistant state in several transformation systems requires presence of a divalent cation such as Ca2+ or Mg2+ (15, 25, 26) . The experiments reported here showed that divalent cations were stimulatory to transformation of the gonococcus, but a variety of monovalent cations were also effective at relatively high concentrations (Fig. 4) . Similar results were reported in H. influenzae by Barnhart and Herriott (1) and by Stuy (21) . They concluded that the various cations acted to neutralize net negative charge on the cell surface, thereby allowing binding of negatively charged DNA. The most effective cation on a concentration basis was Mg2+, which exerted maximal stimulation at ionic strengths of 0.01. In contrast, maximal effectiveness of other cations was achieved only at ionic strengths of 0.06 to 0.10. These results could be due to specific stimulation by Mg2+ of enzymes involved in the transformation process; evidence in B. subtilis has indicated that Mg2+ is necessary for uptake of DNA into a DNase-resistant state (26) . As yet, however, there has been no study of the fate of DNA after uptake in the gonococcus, and no conclusions can be drawn about the mechanisms for stimulation of transformation by cations.
Two possibilities might be considered as explanations for the widespread distribution of competence among clinical gonococcal isolates, and for the physiological stability of competence. Hebeler and Young have recently shown that gonococci are highly autolytic, with rates of peptidoglycan turnover of up to 50% per generation during exponential growth (9) . Competence in many bacterial systems has been related to local breaks in wall integrity and to autolytic enzyme activity (14, 25) . Second, all gonococci have numerous pores in their outer membrane (22) , and these pores could provide a means for uptake of macromolecules through the outer membrane. Neither of these possibilities would explain why DNase-resistant uptake is restricted to piliated cells, however, since autolytic activity (8) and distribution of pores (22) are similar in piliated and nonpiliated cells.
The relationship between presence of pili and ability to take DNA into the cell is intriguing. A similar strong correlation between presence of pili and competence for DNase-resistant DNA uptake has been well described in the meningococcus (6) and also in Moraxella (5). It is conceivable that penetration of the outer membrane by pili provides a mechanism for uptake of macromolecular DNA, either along the exterior surface of the pilus, or through the interior of the pilus. The 
